In this paper, quaternary ammonium salts of chitosan bearing halogenated acetate, including N,N,N-trimethyl chitosan chloroacetate (TMCSC), N,N,N-trimethyl chitosan dichloroacetate (TMCSDC), N,N,N-trimethyl chitosan trichloroacetate (TMCSTC), and N,N,N-trimethyl chitosan trifluoroacetate (TMCSTF), were prepared via N,N,N-trimethyl chitosan iodide (TMCSI). The obtained chitosan derivatives were characterized by FT-IR, 1 H NMR spectra, 13 C NMR spectra, and elemental analysis. Their antifungal property against Fusarium oxysporum f. sp. cucumebrium Owen (F. oxysporum f. sp. cucumebrium Owen), Botrytis cinerea (B. cinerea), and Phomopsis asparagi (P. asparagi) were evaluated by hyphal measurement method at concentrations ranging from 0.08 mg/mL to 0.8 mg/mL. Meanwhile, two common bacteria, Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), were selected as the model Gram-negative and Gram-positive bacteria to evaluate the antibacterial property of the chitosan derivatives by agar well diffusion method. The results showed that TMCSC, TMCSDC, TMCSTC, and TMCSTF had better antifungal and antibacterial activities than chitosan and TMCSI. In particular, a rule showed that the inhibitory activity decreased in the order: TMCSTF > TMCSTC > TMCSDC > TMCSC > TMCSI > chitosan, which was consistent with the electron-withdrawing property of different halogenated acetate. Apparently, the quaternary ammonium salts of chitosan with stronger electron withdrawing ability possessed relatively greater antifungal and antibacterial activities. This experiment provides a potentially feasible method for the further utilization of chitosan in fields of antifungal and antibacterial biomaterials.
Introduction
Phytopathogenic fungi have been severe constraints of crop production and food security globally, which may lead to great losses to humans [1] . In addition, E. coli and S. aureus have historically been the major human pathogen and continue to be the most commonly implicated bacteria causing human disease [2] . In the past few decades, the large-scale use of chemical fungicides and antibiotics was the dominant tool to address these disasters [3] . However, the extensive application of such chemical fungicides and antibiotics often causes drug resistance in the fungi and bacteria. Drug-resistant bacterial and fungal strains can pose a serious threat to human health globally and it obliges researchers to seek new alternatives [4, 5] . Therefore, developing secure and ecofriendly alternatives that can control microorganisms as well as decrease environmental risk has become an effective tactic [6] . further purification. Fungi Medium was purchased from Qingdao Hop Bio-Technogy Co., Ltd. (Qingdao, China). Agar Powder was purchased from Beijing Chembase Technology Co., Ltd. (Beijing, China). Tryptone and Yeast Extract Powder were purchased from Beijing Aoboxing Bio-Tech Co., Ltd. (Beijing, China).
Analytical Methods

Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectrometers, in the range of 4000-400 cm −1 with resolution of 4.0 cm −1 , were recorded on a Jasco-4100 (Tokyo, Japan, provided by JASCO China (Shanghai) Co. Ltd., Shanghai, China). All samples were ground and mixed with KBr disks for testing.
Nuclear Magnetic Resonance (NMR) Spectroscopy
1 H Nuclear Magnetic Resonance ( 1 H NMR) spectra and 13 C Nuclear Magnetic Resonance ( 13 C NMR) spectra were all measured using a Bruker AVIII-500 Spectrometer (500 MHz, Switzerland, provided by Bruker Tech. and Serv. Co., Ltd., Beijing, China) at 25 • C and using 99.9% Deuterium Oxide (D 2 O) as solvents.
Elemental Analysis
The elemental analyses by combustion were used to evaluate the degrees of substitution in chitosan derivatives. The analyses of elemental carbon, hydrogen, and nitrogen in chitosan derivatives were performed on a Vario Micro Elemental Analyzer (Elementar, Germany). The degrees of substitution (DS) of chitosan derivatives were calculated on the basis of the percentages of carbon and nitrogen according to the following equations [21] :
where DS 1 , DS 2 , and DS 3 represent the deacetylation degree of chitosan, the degrees of substitution of N,N,N-trimethyl chitosan iodide, and degrees of substitution of quaternary ammonium salts of chitosanbearing halogenated acetate, respectively; M C and M N are the molar masses of carbon and nitrogen, M C = 12, M N = 14, respectively; n 1 , n 2 , n 3 , and n 4 are the number of carbons of chitin, acetamido group, trimethyl, and haloacetic acid group, n 1 = 8, n 2 = 2, n 3 = 3, n 4 = 2, respectively; W C/N represents the mass ratio between carbon and nitrogen in chitosan derivatives. TMCSI was prepared according to the following method [1] : Chitosan (10 mmol) was dispersed in 80 mL of N-methyl-2-pyrrolidone (NMP) and stirred at room temperature for 1 h. Then, NaI (4.5 g), 15% NaOH aqueous solution (15 mL), and CH 3 I (15 mL) were added, subsequently. The mixture was refluxed for an additional 2 h at 60 • C. After reflux reaction, the solution was poured into ethanol to afford some flavescent precipitate and TMCSI collected by filtration was obtained by freeze-drying overnight in vacuum. TMCSI was then dissolved in 15% of sodium haloacetic in order to replace the iodide ions with haloacetic ions. The solution was dialyzed with distilled water for 3 days, and quaternary ammonium salts of chitosan bearing halogenated acetate including N,N,N-trimethyl chitosan chloroacetate (TMCSC), N,N,N-trimethyl chitosan dichloroacetate (TMCSDC), N,N,N-trimethyl chitosan trichloroacetate (TMCSTC), and N,N,N-trimethyl chitosan trifluoroacetate (TMCSTF) were obtained after being freeze-dried (Scheme 1). 
Synthesis of Chitosan Derivatives
Antifungal Assays
The antifungal ability was assessed by the model of the earlier method [22] . Firstly, the samples (chitosan and chitosan derivatives) were dispersed in distilled water at a concentration of 6 mg/mL as stock solutions. Then, each sample solution was added to fungi media, which was prepared from a mixture with a mass ratio of fungi medium, agar powder, and sterile water of 2.85:1.8:100, respectively, to give final concentrations of 0.08, 0.4, and 0.8 mg/mL. The final solutions were poured into sterilized Petri dishes (9 cm). After the mixture was cooled, the fungi mycelium of 5.0 mm diameter was transferred to the test plate and incubated at 27 °C for 2-3 days. When the mycelium of fungi reached the edges of the control plate (without added samples), the antifungal index was calculated as follows:
where Da is the diameter of the growth zone in the test plates and Db is the diameter of the growth zone in the control plate.
Antibacterial Assays
The antibacterial ability of chitosan and chitosan derivatives was determined using the agar well diffusion method [23, 24] . Firstly, autoclaved (sterile) nutrient agar media (a mixture of Tryptone, yeast extract powder, agar powder, sodium chloride, and sterile water in the mass ratio of 10:5:18:10:1000) was prepared. Then, it was poured into sterile plates and cultured media were allowed to solidify. 0.1 mL E. coli and S. aureus (10 5 CFU/mL) were inoculated on the nutrient agar media and then spread on the entire surface of the medium by sterile spatula. Next, four wells of 5 mm diameter were bored using a sterile borer in each plate. In each well, 25 μL of samples (at the concentration of 20 mg/mL) were loaded. Bacterial plates were incubated at 37 °C overnight and zones of inhibition were measured after 24 h. Greater inhibition zones indicated higher antibacterial activity. 
Antifungal Assays
The antifungal ability was assessed by the model of the earlier method [22] . Firstly, the samples (chitosan and chitosan derivatives) were dispersed in distilled water at a concentration of 6 mg/mL as stock solutions. Then, each sample solution was added to fungi media, which was prepared from a mixture with a mass ratio of fungi medium, agar powder, and sterile water of 2.85:1.8:100, respectively, to give final concentrations of 0.08, 0.4, and 0.8 mg/mL. The final solutions were poured into sterilized Petri dishes (9 cm). After the mixture was cooled, the fungi mycelium of 5.0 mm diameter was transferred to the test plate and incubated at 27 • C for 2-3 days. When the mycelium of fungi reached the edges of the control plate (without added samples), the antifungal index was calculated as follows:
where D a is the diameter of the growth zone in the test plates and D b is the diameter of the growth zone in the control plate.
Antibacterial Assays
The antibacterial ability of chitosan and chitosan derivatives was determined using the agar well diffusion method [23, 24] . Firstly, autoclaved (sterile) nutrient agar media (a mixture of Tryptone, yeast extract powder, agar powder, sodium chloride, and sterile water in the mass ratio of 10:5:18:10:1000) was prepared. Then, it was poured into sterile plates and cultured media were allowed to solidify. 0.1 mL E. coli and S. aureus (10 5 CFU/mL) were inoculated on the nutrient agar media and then spread on the entire surface of the medium by sterile spatula. Next, four wells of 5 mm diameter were bored using a sterile borer in each plate. In each well, 25 µL of samples (at the concentration of 20 mg/mL) were loaded. Bacterial plates were incubated at 37 • C overnight and zones of inhibition were measured after 24 h. Greater inhibition zones indicated higher antibacterial activity. 
Statistical Analysis
All the experiments were performed in triplicate and the data were expressed as means ± the standard deviation (SD, n = 3). Significant difference analysis was determined using Scheffe's multiple range test. A level of p < 0.05 was considered statistically significant.
Results and Discussion
Structure of Quaternary Ammonium Salts of Chitosan Bearing Halogenated Acetate
Each step of the synthesis was followed by FT-IR spectra (Figure 1 ), 1 H NMR spectra (Figure 2 ), and 13 C NMR spectra ( Figure 3) . Meanwhile, the elemental analyses, yields, and the degrees of substitution of quaternary ammonium salts of chitosan bearing halogenated acetate are shown in Table 1 .
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The antifungal activity of chitosan and chitosan derivatives against three destructive phytopathogenic fungi, including F. oxysporum f. sp. cucumebrium Owen, B. cinerea, and P. asparagi, are shown in Figures 4-6 . Their antifungal indices and the relationship between the structure and antifungal activity of chitosan derivatives are discussed as follows. F. oxysporum is one of the most important soil-borne pathogens that cause root-rot and wilt diseases in a wide variety of crops. It has the ability to persist for very long periods in soil without a host [35] . Figure 4 shows the antifungal activity of chitosan and all derivatives against F. oxysporum f. sp. cucumebrium Owen. As is shown, several conclusions can be gained as follows: firstly, for all tested samples, the inhibitory rates increase with the rise in concentration. This trend is obvious and is suitable for all samples. For instance, the inhibitory rates of TMCSC are 1.01%, 30.47%, and 67.38% when the corresponding concentrations are 0.08 mg/mL, 0.4 mg/mL, and 0.8 mg/mL, respectively. Secondly, because of the introduction of electron-drawing groups-halogenated acetate, the final F. oxysporum is one of the most important soil-borne pathogens that cause root-rot and wilt diseases in a wide variety of crops. It has the ability to persist for very long periods in soil without a host [35] . Figure 4 shows the antifungal activity of chitosan and all derivatives against F. oxysporum f. sp. cucumebrium Owen. As is shown, several conclusions can be gained as follows: firstly, for all tested samples, the inhibitory rates increase with the rise in concentration. This trend is obvious and is suitable for all samples. For instance, the inhibitory rates of TMCSC are 1.01%, 30.47%, and 67.38% when the corresponding concentrations are 0.08 mg/mL, 0.4 mg/mL, and 0.8 mg/mL, respectively. Secondly, because of the introduction of electron-drawing groups-halogenated acetate, the final products have a better ability to inhibit F. oxysporum f. sp. cucumebrium Owen compared with chitosan and TMCSI, and this conclusion is apparently reinforced at 0.8 mg/mL and 0.4 mg/mL. Thirdly, of all the tested Polymers 2018, 10, 530 9 of 14 samples, the antifungal activity against F. oxysporum f. sp. cucumebrium Owen decreases in the order: TMCSTF > TMCSTC > TMCSDC > TMCSC > TMCSI > chitosan. This regularity is identical with the sort order of electronegativity (-CF 3 > -CCl 3 > -CHCl 2 > -CH 2 Cl) of substituent groups with halogens in chitosan quaternary ammonium salts. For example, the antifungal indices of TMCSTF, TMCSTC, TMCSDC, TMCSC, TMCSI, and chitosan are 77.15%, 76.30%, 70.01%, 67.38%, 50.72%, and 20.25% at 0.8 mg/mL, respectively. The results above demonstrate that the difference of active groups grafting onto the synthesized chitosan derivatives contributed much to the antifungal action, but their effect on promoting antifungal activity varied according to the difference in electronegativity.
products have a better ability to inhibit F. oxysporum f. sp. cucumebrium Owen compared with chitosan and TMCSI, and this conclusion is apparently reinforced at 0.8 mg/mL and 0.4 mg/mL. Thirdly, of all the tested samples, the antifungal activity against F. oxysporum f. sp. cucumebrium Owen decreases in the order: TMCSTF > TMCSTC > TMCSDC > TMCSC > TMCSI > chitosan. This regularity is identical with the sort order of electronegativity (-CF3 > -CCl3 > -CHCl2 > -CH2Cl) of substituent groups with halogens in chitosan quaternary ammonium salts. For example, the antifungal indices of TMCSTF, TMCSTC, TMCSDC, TMCSC, TMCSI, and chitosan are 77.15%, 76.30%, 70.01%, 67.38%, 50.72%, and 20.25% at 0.8 mg/mL, respectively. The results above demonstrate that the difference of active groups grafting onto the synthesized chitosan derivatives contributed much to the antifungal action, but their effect on promoting antifungal activity varied according to the difference in electronegativity. B. cinerea is an airborne plant pathogen with a necrotrophic lifestyle attacking over 200 crop hosts (including field and row crops, fruit, vegetables, and flowers) and it can cause destructive and economically important plant diseases worldwide. The antifungal activity of chitosan and chitosan derivatives against B. cinerea was tested and the results are shown in Figure 5 . Overall, most rules against F. oxysporum f. sp. cucumerium Owen discussed above still can be appropriate for the antifungal activity of samples against B. cinerea. For example, all samples exhibit antifungal properties against B. cinerea and the inhibitory indices are concentration-dependent. Besides, the sample that possesses the weakest inhibitory activity is still chitosan. The quaternary ammonium salts of chitosan bearing halogenated acetate (TMCSC, TMCSDC, TMCSTC, and TMCSTF) also have better antifungal ability than TMCSI and chitosan. Furthermore, the rule of inhibitory property against B. cinerea, which is TMCSTF > TMCSTC > TMCSDC > TMCSC > TMCSI > chitosan, is distinct according to Figure 5 . The inhibitory indices of TMCSTF, TMCSTC, TMCSDC, TMCSC, TMCSI, and chitosan at 0.4 mg/mL against B. cinerea are 59.43%, 59.02%, 57.2%, 55.66%, 30.10%, and 9.25%, respectively.
As a destructive pathogenic fungus, P. asparagi can cause severe stem blight of asparagus. Figure 6 shows the antifungal activity of chitosan and chitosan derivatives against P. asparagi. The inhibitory indices of all the samples mounted up with increasing concentration. All chitosan derivatives bearing halogenated acetate show better antifungal activity than TMCSI and chitosan, and the inhibitory indices of TMCSTF, TMCSTC, TMCSDC, and TMCSC are 73.54%, 74.69%, 72.36%, and 69.35% at 0.8 mg/mL, respectively, while the inhibitory rates of TMCSI and chitosan are 55.47% and 10.8%. However, the rule of inhibitory activity against P. asparagi is a little different from the fungi of F. oxysporum f. sp. cucumerium Owen and B. cinerea. The order, which is TMCSTC > TMCSDC > TMCSC, is in accord with earlier descriptions. The inhibitory property of TMCSTF is slightly lower than TMCSTC. Although the electronegativity of the fluorine atom is stronger than that of the chlorine atom, it is possible that the antifungal activity of TMCSTF is weaker than that of TMCSTC because of its lower substitution degree (Table 1) and less active ingredient. In brief, these results mentioned above indicate that the halogen atoms have a positive effect on antifungal activity when they are introduced into chitosan and the mechanism between the structure and antifungal activity of chitosan derivatives will be simply discussed later. 
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The antibacterial activity against E. coli and S. aureus of chitosan and chitosan derivatives were evaluated through the agar well diffusion method. The results depicted in Table 2 reveal that the tested samples display a moderate inhibitory effect on the growth of bacterial pathogens. In general, the results drawn from antibacterial activity are similar to antifungal activity. For instance, all of the chitosan derivatives exhibit better antibacterial activity comparable to chitosan. Moreover, the antibacterial activity decreases in the order of TMCSTF > TMCSTC > TMCSDC > TMCSC > TMCSI > chitosan, which is identified with antifungal activity. The above results therefore suggest that different substituents can markedly influence the antibacterial efficacy of the compounds and the stronger electron-withdrawing capacity indicates better antibacterial activity. According to earlier reports, chitosan and its derivatives possess broad spectrum antimicrobial activity and this activity can be affected by several factors such as pH, concentration, molecular weight, degree of deacetylation, temperature, and so on with different mechanisms of action [36] [37] [38] . In this paper, the halogenated acetate that was selected to be grafted on chitosan is another important factor that could influence the bioactivity of chitosan. Up to now, many researches have proven that the introduction of halogen atoms into the polysaccharide derivatives causes an increase in biological activity. For example, Xie et al. had reported that grafting coumarin groups bearing different halogen atoms on chitosan obviously enhanced the antifungal activity of the synthesized chitosan derivatives compared with unmodified chitosan [3] . Furthermore, the starch derivatives containing halogenated benzene showing higher antibacterial activity than unmodified starch was demonstrated by Guo et al. [39] . They also reported that halogens could improve the biological activity of derivatives by increasing the distribution of electron clouds in compounds. In this study, the direct enhancement of antifungal and antibacterial activities of halogenated acetate grafting onto chitosan derivatives can be confirmed by the data mentioned above. Meanwhile, this conclusion is further confirmed by the active rule, which is TMCSTF > TMCSTC > TMCSDC > TMCSC > TMCSI > chitosan. Apparently, the rule is consistent with the electron-withdrawing property of different halogenated acetate and the reasons can be analyzed from the following three aspects: firstly, because the stronger electron-withdrawing capacity of halogen atoms has a positive effect on the bioactivity, the inhibitory properties of TMCSTF, TMCSTC, TMCSDC, and TMCSC are higher than TMCSI and chitosan. Exactly, the halogen atoms with high electron-withdrawing property could increase the hydrophobicity at the periphery of the synthesized chitosan derivatives, and it can also increase the intermolecular and intramolecular delocalization of the electronic cloud distribution in the synthesized compounds. These effects have an impact in leading to the significant alteration of the structure of the outer membranes as well as the internal membranes of microbial cells, which hinders nutrient substances from entering cells and causes the release of a large proportion of proteinaceous materials from the cells. These results directly lead to the death of microorganisms [40] [41] [42] . Therefore, the chitosan derivatives bearing stronger electronegative groups show stronger antifungal and antibacterial activities. Then, the biological activity of chitosan derivatives varies with the types and quantities of halogen atoms. For example, TMCSTC, TMCSDC, and TMCSC bear the same types of halogen-Cl, but the capacity of electron-withdrawing increases with the quantities. Hence, the bioactivity of the product shows the order of TMCSTC > TMCSDC > TMCSC. In addition, TMCSTF and TMCSTC have the same amount of halogens, but because the electronegativity of fluorine atoms are higher than chlorine atoms, TMCSTF possesses better biological activity than TMCSTC. Of course, the electron-withdrawing property is the main factor affecting the antimicrobial law and other factors may contribute a lot to it. For instance, this rule will also be affected by the substitution degree and the special circumstance (the antifungal activity of samples against P. asparagi) has been discussed before. In summary, the key roles of halogenated acetate in improving the antifungal and antibacterial activities of samples and the structure-activity relationship will be investigated in the future.
Conclusions
Chitosan derivatives with positive charge have excellent biological activity, and the typical derivatives of chitosan with positive charge are quaternized chitosan and chitosan ammonium salt. In this paper, we introduced different negative ions with halogen atoms to N,N,N-trimethyl chitosan to give a kind of quaternary ammonium salt of chitosan, which is a novel positively charged chitosan derivative. The synthesized compounds were evaluated for their expected antibacterial and antifungal activities, where the majority of these compounds showed potent antibacterial and antifungal activities against the tested strains of bacteria and fungi. Generally, the bioactivities were mainly influenced by the electron-withdrawing capacity of the substituted groups and the quaternary ammonium salts of chitosan derivatives with stronger electronegativity groups had stronger antifungal and antibacterial activities. As we know, there are various negative ions which have strong electronegativity, and many quaternary ammonium salts of chitosan with different negative ions can be prepared in future.
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